Several metals have carcinogenic properties, but their associations with breast cancer are not established. We studied cadmium, a metalloestrogen, and 9 other metals-arsenic, cobalt, chromium, copper, mercury, molybdenum, lead, tin, and vanadium--in relation to young-onset breast cancer (diagnosis age <50 years), which tends to be more aggressive than and have a different risk profile from later-onset disease. Recent metal exposure was measured by assessing element concentrations, via inductively coupled plasma mass spectrometry, in toenail clippings of 1,217 disease-discordant sister pairs in the US-based Sister (2003 -2009 ) and Two Sister (2008 studies. Conditional logistic regression was used to calculate odds ratios and 95% confidence intervals. After correcting for differential calendar time of sample collection, no statistically significant associations were observed between any metals and breast cancer. Vanadium had the largest odds ratio (for fourth vs. first quartile, odds ratio = 1.36, 95% confidence interval: 0.84, 2.21; P for trend = 0.17). Cadmium was associated with a small increase in risk, with no evidence of a dose-response relationship (for fourth vs. first quartile, odds ratio = 1.15, 95% confidence interval: 0.82, 1.60; P for trend = 0.67). Positive associations between urinary cadmium concentrations and breast cancer have been reported in case-control studies, but we observed no such association between young-onset breast cancer and toenail concentrations of any assessed metals. breast cancer; cadmium; metals; toenails; young-onset breast cancer Abbreviations: CI, confidence interval; ER, estrogen receptor; OR, odds ratio.
Humans are widely exposed to metals via contaminated air, water, and soil, and many metals have known negative affects on health. Arsenic, cadmium, and chromium, in particular, have been classified as carcinogenic to humans by the International Agency for Research on Cancer (1) . For arsenic, the evidence is based on documented associations with cancers of the liver and bile duct, lung, skin (keratinocyte), prostate, kidney, and bladder. Cadmium has been linked to cancers of the lung, prostate, and kidney, and chromium to cancers of the lung and nasal cavity. In addition, cobalt, methylmercury, and lead are considered possibly carcinogenic to humans (2) .
However, there are currently no established associations between metals and breast cancer, with few studies reporting on associations between metals and young-onset breast cancer, in particular. Although young-onset breast cancer is rare, it is an important area of public health research because it tends to be more aggressive than older-onset disease (3) and has some risk factors that are distinct from those for olderonset disease (4) (5) (6) .
The most frequently studied metal in relation to breast cancer has been cadmium, which acts as a metalloestrogen in that it can mimic the effects of estradiol by binding to estrogen receptors (ERs) and modifying transcription of estrogenand progesterone-related genes (7, 8) . Because hormone levels naturally fluctuate with age and menopausal status, these cadmium-induced hormone-related changes could affect younger and older women differently. Cadmium may also contribute to carcinogenesis through stimulation of cell proliferation and inhibition of apoptosis and DNA repair mechanisms (9) .
Several case-control studies have reported associations between elevated levels of urinary cadmium and increased risk of breast cancer (10) (11) (12) (13) (14) . In a study in which specifically young-onset breast cancer was examined (11) , an odds ratio of 2.3 (95% confidence interval (CI): 1.1, 5.0) was reported for the fourth (≥0.580 μg/g creatinine) versus first quartile (<0.263 μg/g creatinine) of urinary cadmium in women younger than 56 years. However, the urine specimens were collected from patients after diagnosis and these associations have not been replicated in prospective studies (15, 16 ). An inverse association between cadmium levels in stored erythrocytes (range of median concentrations, 0.55-0.71 μg/L) and breast cancer risk was found in an analysis of 3 prospective cohorts (17) .
Because cadmium accumulates in the kidney, urinary cadmium concentrations are considered reasonable biomarkers of cumulative exposure and body burden (18) . However, measured urine levels are highly dependent on urinary dilution at the time of sample collection, and it may be difficult to properly control for this variation, especially because cadmium (a nephrotoxin), breast cancer, and underlying kidney disorders may affect kidney function (18, 19) . Blood and toenails can also be used to assess cadmium body burden. Both are thought to reflect more recent exposure than urine (17) , but neither is subject to the same dilution-related fluctuations. Toenail clippings are especially easy to collect, ship, and store. Samples combining clippings from all 5 digits on 1 foot are thought to represent 4-6 months of exposure occurring approximately 6-12 months before collection (20, 21) . Using mass spectrometry technology, it is possible to measure toenail concentrations of multiple metals simultaneously.
We previously used inductively coupled plasma mass spectrometry to conduct a reliability study of toenail trace-element levels over time by measuring metals in samples collected from the same women 4-10 years apart (22) . We found that although concentrations of some elements decreased markedly over calendar time, most had modest within-individual correlations. We also reported that breast cancer status did not alter the magnitude of the decrease or the strength of the correlation. On the basis of these supporting data, we undertook additional investigations of the association between select trace elements and young-onset breast cancer, using toenail samples collected from 1,217 pairs of sisters discordant for young-onset breast cancer (diagnosed before age 50 years). Our main hypothesis was that cadmium and other potentially toxic metals, some of which may also act as metalloestrogens (23), would be positively associated with youngonset breast cancer. We also examined whether selenium, which counteracts the toxic effects of some metals (24, 25) , modified any of the observed associations.
METHODS

Study sample
Our sister-matched case-control study included participants from the Sister Study (26) and Two Sister Study (Figure 1 ) (27) . US women aged 35-74 years were recruited to the Sister Study between 2003 and 2009. To be eligible, participants had to have a sister who had been diagnosed with breast cancer but not have had breast cancer themselves at the time they enrolled. Baseline data were collected using computer-assisted telephone interviews and participants were asked to collect clippings from each toe using their own nail clippers, after first removing any nail polish. All participants provided written informed consent. Study approval and oversight were provided by the institutional review boards of the National Institute of Environmental Health Sciences and the Copernicus Group. Data were complete through August 2015 (data release 5.0.1).
The Two Sister Study (2008) (2009) (2010) ) is a companion study to the Sister Study and focuses on young-onset breast cancer specifically. Sister Study participants whose affected sister had been diagnosed with invasive breast cancer or ductal carcinoma in situ before age 50 years and within the last 4 years were asked to participate in the Two Sister Study, along with their aforementioned affected sister (n = 1,176 sister pairs provided toenail samples). For these pairs, toenail clippings from the patient (hereafter, case sister) and the unaffected Sister Study participant (hereafter, control sister) were collected after the case sister had been diagnosed (i.e., "retrospectively"). Other consequences of the Two Sister Study's design were that the case patient's toenail samples were always collected after those of the control sister and that the control sister was usually older than her case sister. For some families, more than 1 sister enrolled in the Sister Study. If 1 such sister was diagnosed with invasive breast cancer or ductal carcinoma in situ before age 50 years, the newly affected sister and 1 of her unaffected sisters were selected for inclusion in this sister-matched case-control study. For these 41 participating Sister Study pairs, the toenail samples were collected "prospectively" (i.e., before the case sister's cancer was diagnosed).
Exposure assessment
We used the same panel as in our previous reliability study (22) to assess toenail concentrations of 16 elements (antimony, arsenic, cadmium, chromium, cobalt, copper, iron, lead, mercury, manganese, molybdenum, nickel, selenium, tin, vanadium, and zinc), using inductively coupled plasma mass spectrometry. Briefly, toenail clippings were washed and air dried before being digested in acid (9 parts nitric acid to 1 part hydrogen chloride) and diluted with deionized water. Inductively coupled plasma mass spectrometry analyses were conducted using an Agilent 8800 ICP-QQQ (Santa Clara, California). Data quality was monitored via continuous calibration verification, analysis of duplicates and spikes, within-and between-batch analyses of a laboratory-prepared toenail matrix digest, and comparison with standard reference materials (human hair; National Institute for Environmental Studies, Japan, Tsukuba-City, Ibaraki, Japan,). Laboratory staff were blinded to case status. We corrected for batch using random effects models. Nail clippings from sister pairs were analyzed in the same batch.
For this particular analysis, we focused on 10 putatively toxic metals, excluding iron, manganese, selenium, and zinc, though we considered selenium as a possible modifier. We also excluded nickel and antimony on the basis of our earlier finding that concentrations of these elements were not stable over time in women diagnosed with breast cancer between sample collections (22) .
A small proportion of samples (n = 467 of 24,340) had concentrations less than or equal to 0 μg/g after quality-control-related corrections. We reassigned those values to 0.001 μg/g, a concentration lower than the smallest observed values for those elements. Some concentrations were below limits of quantification but were still assigned measured values, which we retained. All measured concentrations were log transformed.
Correction for calendar time
In our reliability study, we observed that toenail concentrations of the toxic metals had decreased markedly over time (22) . The decreases were largest for lead, cadmium, and chromium, and appeared to reflect real declines in exposure over calendar time rather than changes due to increasing age. This observation is supported by nationwide trends (28, 29) and changes in environmental policies, including the removal of lead from gasoline (30) and public smoking bans (31) . Even with these observed decreases, metal concentrations were correlated over time, and for the selected metals we saw no differences in levels among those in whom an intervening breast cancer developed versus those without breast cancer, suggesting that neither breast cancer nor its treatment were strongly influential.
As noted, most control sisters were enrolled before the enrollment of their case sister. Consequently, to the extent that exposure to toxic metals declined over calendar time, metal concentrations should be systematically lower for case sisters than for control sisters. To correct for this bias, we used prediction models to "time correct" all observed metal values for calendar year and age, thereby estimating the levels for the case and control sisters at the time the case sister's cancer was diagnosed. We also accounted for smoking status in these correction models because case sisters were more likely to have quit smoking in the interim between case diagnosis (7% current smokers) and toenail-clipping collection (5% current smokers) than were control sisters (8% smoked at both time points).
To obtain time-corrected metal levels, we first constructed prediction models using data from the sister pairs and the previously conducted reliability study. For each metal of interest, we modeled the effects of age, calendar year, and smoking status on the log of the metal concentration. Age and year were coded as restricted cubic splines with knots at the fifth, 35th, 65th, and 95th percentiles to allow flexibility. We extracted the parameter estimates for each metal model, which we used to define a multivariate normal distribution that captured all the estimated β coefficients and their covariances simultaneously. Then, to capture the uncertainties in the prediction models, we randomly drew from the multivariate normal distribution 20 times, each draw yielding β coefficients for each term in the prediction model. For each sampling iteration, we computed the difference in predicted metal concentrations for the true age, year, and smoking status at sample collection and the predicted metal concentration for the corrected age, year, and smoking status at sample collection, where the time-corrected values corresponded to the calendar time of the case sisters' diagnosis. These estimated differences in predicted levels were then added to the observed metal levels to obtain time-corrected metal levels.
Statistical analysis
We provide descriptive tables comparing case and control sisters by baseline characteristics. Then, using conditional logistic regression to account for the matched-pairs design, we estimated odds ratios and 95% confidence intervals for the association between each metal and young-onset breast cancer. For the time-corrected analyses, we ran a conditional logistic regression model for each of the 20 iterations and then used multiple imputation software (PROC MIANALYZE in SAS, version 9.4; SAS Institute, Inc., Cary, North Carolina) to obtain odds ratios and 95% confidence intervals that accounted for correlations between the random samples. Metal levels were categorized into quartiles on the basis of the corrected distribution among the control sisters, using all the imputed data. All models were adjusted for age (i.e., age at the time the case sister's cancer was diagnosed) and highest achieved education (i.e., high school or less, some college, college graduate, or graduate school). Trend tests were calculated by treating metal quartiles as ordinal variables. For some analyses, we limited the study sample to sister pairs in which the case sister had ER-positive (n = 961) or invasive breast cancer (n = 1,044). We did not conduct assessments of ER-negative breast cancer or ductal carcinoma in situ, because of the small sample size.
We also examined whether selenium levels modified any of the metal-breast cancer associations. For these models, we calculated odds ratios for metal-breast cancer associations within categories of time-corrected selenium concentrations (greater than the median of 0.944 μg/g vs. <0.944 μg/g). To conserve power, we also dichotomized time-corrected metal levels as greater than or less than the median. Heterogeneity P values were calculated by testing metal-by-selenium interaction terms.
RESULTS
Control sisters were usually older than their case sisters (59% of the time; mean difference = 1.4 years, standard deviation, 5.2 years). However, the average age at toenail-sample collection was older for case sisters than control sisters (47.7 vs. 47.1 years; Table 1 ). Distributions of body mass index, parity, and alcohol use were similar for the 2 groups at baseline, but case sisters were somewhat better educated than control sisters (26% with graduate degrees vs. 24%, respectively) and less likely to currently smoke (5% vs. 8%, respectively).
Race/ethnicity was self-reported as non-Hispanic white by 90% of the sister pairs, and most case sisters (67%) were premenopausal at diagnosis. Case sisters were somewhat more likely to have been occupationally exposed to metals or metal dust, but overall exposure prevalence was low (5% and 7%, respectively, in the case group vs. 3% and 6%, respectively, in the control group; for any occupational metal exposure and breast cancer, odds ratio (OR) = 1.25, 95% confidence interval (CI): 0.91, 1.72, adjusting for age and education).
Observed and time-corrected metal levels are listed in Table 2 . Because of the design, control sisters contributed toenail samples earlier than did case sisters, on average (median year of collection, 2007.8 for the control group, 2009.6 for the case group). Toenail clipping collection usually occurred after the case sister was diagnosed (median diagnosis year, 2006.8). When we applied the time corrections, we observed modest increases in the concentrations of most metals, with larger discrepancies seen for case sisters than control sisters, due to the more substantial time gap between their true and desired sample-collection time points (median gap for case sisters, 3.0 years, interquartile range, 2.4-3.8 years; median gap for control sisters, 0.82 years, interquartile range, 0.5-1.4 years).
The number of participants with metal levels below the limit of quantification also is listed in Table 2 , with vanadium (n = 533 control sisters, n = 551 case sisters) and molybdenum (n = 466 control sisters, n = 475 case sisters) having the most values below the specified limits. The highest between-metal correlations were observed for lead and cadmium (Spearman R = 0.53, P < 0.001; Web Table 1 ).
In the time-corrected analyses, we observed no statistically significant associations between any of the 10 metals and young-onset breast cancer (Figure 2 ; Web Table 2 ). The strongest odds ratio was for vanadium (for fourth vs. first quartile, OR = 1.36, 95% CI: 0.84, 2.21; P for trend = 0.17). The second quartile of cadmium was associated with increased risk (OR = 1.26, 95% CI: 0.99, 1.61) relative to the first quartile, but there was little evidence of a dose-response trend (P for trend = 0.67). The odds ratios for the association between cadmium and young-onset breast cancer were similar when we limited our analysis to never smokers (data not shown).
Given the large proportion of values below the limit of quantification, we calculated odds ratios comparing the top 3 quartiles to the first quartile for both molybdenum and vanadium. These results were consistent with the previously reported findings (for molybdenum, OR = 1.31, 95% CI: 0.89, 1.91; for vanadium, OR = 1.19, 95% CI: 0.87, 1.64).
Results for the time-uncorrected analysis are listed in Web Table 2 , as are the results from the analysis restricted to ERpositive or invasive breast cancers. The odds ratios from the uncorrected models indicated statistically significant inverse associations between these elements and young-onset breast cancer. This distortion is expected, given that case samples were usually collected later than control samples, and metal concentrations, particularly those of cadmium, chromium, and lead, decreased over the follow-up period. Also as expected, given that most cases of breast cancer were invasive and ERpositive, the results from the time-corrected analysis of these subtypes were similar to those of our overall analysis, with some elevated odds ratios but little evidence of dose-response trends.
Selenium did not modify the association between any of the metals and young-onset breast cancer ( Table 3 ). The largest observed discrepancy was for copper, which was not associated with breast cancer among women with selenium levels no greater than 0.944 μg/g (OR = 0.99, 95% CI: 0.73, 1.36); contrary to expectation, however, copper was positively associated with breast cancer among women with selenium levels greater than 0.944 μg/g (OR = 1.33, 95% CI: 0.98, 1.81; P for interaction = 0.10).
DISCUSSION
In this toenail biomarker study, we found little evidence to support a positive association between young-onset breast cancer and exposure to cadmium or any other metal. Results were similar for analyses limited to ER+ or invasive breast cancer. Selenium did not strongly modify any of the observed associations.
Positive associations between urinary cadmium and breast cancer have been reported in several case-control studies (10) (11) (12) (13) (14) , with 1 reporting strong associations with young-onset breast cancer in particular (11) . However, those findings were not replicated in 2 prospective studies of urinary cadmium (15, 16 ) and 1 of circulating cadmium (17) , leading us to speculate that the positive case-control study findings could be due to reverse causation, with patients with breast cancer having higher cadmium levels because of the effects of the disease, its treatment, or breast cancer-related lifestyle changes. Alternatively, the existing case-control and cohort studies could be capturing different time periods of exposure, with the urinebased case-control studies reflecting the risk associated with recent exposure, the urine-based cohort studies instead reflecting the risk associated with more long-term or lagged effects, and some mix of time periods being measured in the blood-based cohort study. The results of our recent reliability study (22) did not support the idea that reverse causation could explain the discrepancy, because intervening breast cancer diagnoses had no measureable effect on the levels in samples from the same individuals years apart. However, in another reliability study, cadmium concentrations from urine and toenails collected at the same time were not correlated, indicating that the 2 measures may represent different time windows or types of exposure (32) . Therefore, we cannot rule out reverse causation effects on urinary levels, particularly if breast cancer or cadmium affect kidney function, nor can we establish the most relevent time window and biomarker for assessing the effect of cadmium exposure on breast cancer risk. With our time-corrected analysis, we predicted what metal concentrations would have been for both sisters just before the case sister's cancer was diagnosed. The primary purpose of this correction was to remove the bias that was present because case sisters' toenail clippings were collected after those of control sisters, and metal levels decreased systematically over time.
Although it is possible that metals affect breast cancer risk by further influencing cells that are already damaged by carcinogenic processes begun years before, we also consider the timecorrected metal concentrations to be proxies for more long-term concentrations, which we previously demonstrated to be correlated over 4-10 years (22) .
Despite a biological rationale supporting a relationship between metal exposure and breast cancer, exposure history is hard to characterize and the epidemiologic evidence to date is inconclusive. Because of its estrogenic properties demonstrated in laboratory assays (9) , cadmium is the most studied metal in relation to breast cancer risk, but other metals have been examined. Many prior studies of metals and breast cancer have been ecologically (33) (34) (35) or occupation based (36, 37) , but some have used exposure biomarkers. For example, Garland et al. (38) measured toenail arsenic, copper, and chromium levels in a nested case-control sample within the Nurses' Health Study and found no association between any of the Odds ratios (ORs) and 95% confidence intervals (CIs) were calculated using conditional logistic regression and adjusted for age and education. These results also are presented in Web Table 2 .
measured elements and breast cancer risk (mean concentrations of 0.12, 5.68, and 1.69 μg/g for arsenic, copper, and chromium, respectively, among control subjects). McElroy et al. (39) observed a positive association between urinary lead levels (median concentration, 0.64 μg/L in control subjects) and breast cancer risk in a population-based, casecontrol study, though this association was attenuated when women taking nonsteroidol aromatase inhibitors (and thus more prone to bone loss) were excluded. There was no association between blood lead level and breast cancer risk in any of the 3 prospective cohorts analyzed together (range of median concentrations, 25-88 μg/L). All our models were adjusted for age and education only. Although we collected data on other covariates, we did not consider any of them to be important confounders, because they either were not likely to be related to toenail metal levels (e.g., parity), not strongly related to breast cancer risk (e.g., smoking), or were potentially only related to breast cancer because they were a source of metal exposures (e.g., occupational metal exposure, estimated exposure to particles <2.5 μm in diameter).
Metallic toenail clippers could have contaminated the clippings. We attempted to minimize potential contamination by washing samples before analysis, but some exposure misclassification may still be present. Exposure misclassification would be nondifferential by case status and thus likely to produce bias toward the null. Lack of data on metal speciation (40) is also a source of misclassification that is likely to bias our results toward the null. We were only able to measure all metal species combined, despite evidence that some metal species are known carcinogens (e.g., chromium VI) and others are not (e.g., chromium III) (1, 2).
We applied time-correction methods in an attempt to recapture a more relevant time period and address discrepancies in the timing of sample collections between case and control sisters. Although the results of our reliability study document the need for such correction, given the reductions in levels of toxic metals over calendar time, we cannot quantify the accuracy of our predictive models. Misclassification, therefore, is likely and could be differential by case status because the time gap between true and desired sample collection time points was larger for case sisters than control sisters because of the study design. The magnitude and direction of this potential bias are uncertain. Despite these limitations, our time-corrected analysis is a strength of this study and we emphasize that reliability studies such as the 1 we conducted (22) are crucial to understanding time trends in environmental factors. This level of understanding is particularly important for biomarker studies conducted using retrospective study designs in which biological samples are collected after patients have received a diagnosis and have been treated.
Young-onset breast cancer deserves to be studied separately from older-onset breast cancer because of its distinct tumor characteristics and risk-factor profile. Element concentrations in toenails are useful as biomarkers for environmental research, because of their temporal stability, their ability to capture recent yet stable exposure of many metals simultaneously, and the ease with which toenail clippings can be collected, shipped, and stored. Although we did not observe associations between levels of any metals and young-onset breast cancer in this analysis, we believe there is sufficient epidemiologic evidence to support additional studies of this topic, particularly if they assess possible genetic and epigenetic modifiers or can measure multiple exposure biomarkers prospectively and at several time points. Abbreviations: CI, confidence interval; OR, odds ratio. a Time-corrected trace element levels. All models were adjusted for age and educational level. Data are shown for those with element levels greater than the median (0.944 μg/g); the reference group were those with element levels less than or equal to the median.
b The median value was 0.944 μg/g. c Adjusted for selenium.
